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Surface NH2-functionalized SBA-15 mesoporous silica was synthesized using toluene diisocyanate (TDI) as a bridge molecule. 
First, the surface Si–OH groups of SBA-15 were reacted with the -NCO groups of TDI. Then, the remaining unreacted -NCO 
groups of TDI were reacted with the -NH2 groups of ethylenediamine (EDA). Finally, the NH2-groups were successfully grafted 
onto the mesoporous SBA-15 surface by the above two-step method. XRD, N2 adsorption-desorption analysis, FT-IR, and 
29Si 
MAS NMR were used to identify the well-ordered structure and the successful incorporation of the -NH2 groups onto the surface 
of the synthesized materials. Characterizations revealed that such -NH2 grafting is an effective method to obtain a high loading of 
-NH2 groups onto the SBA-15. When subjected to toxic heavy metal ions in aqueous solution, the obtained NH2-functionalized 
SBA-15 showed very high adsorption rates 99.9%, 99.7%, 99.8%, 99.5% and 99.9% for Pb2+, Cr3+, Cd2+, Ag+ and the Cu2+, re-
spectively, which is attributed to the strong complexation reactions between the metal ions and the grafted -NH2 groups. 
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Organically-functionalized mesoporous materials have gen-
erated considerable interest in their application in the fields 
of catalysis, and adsorption and separation processes, because 
they have a mechanically stable structure, high surface area, 
and large ordered pores with narrow size distributions. With 
attractive structural characteristics and excellent alkaline 
properties, amino-functionalized mesoporous silica had re-
ceived increasing attention because of its potential applica-
tions, including adsorption of metal ions [1], protein seques-
tration and release [2], enzyme immobilization [3], drug 
delivery [4], and catalysis [5,6]. Traditionally, this kind of 
aminosilica material is synthesized primarily by two main 
strategies; one is the direct method [7–11], and the other is 
the post-synthesis method [12–15]. In a direct method, amino- 
functionalized large-pore mesoporous materials were syn-
thesized by co-condensation of tetraethoxysilane (TEOS) 
and aminosilanes. The advantage of the direct method is 
that amine groups can be easily incorporated into the 
framework of mesoporous materials. However, disordered 
amino-functionalized mesoporous silica was obtained by the 
direct co-condensation method. As proposed by Zhao et al. 
[16], this is related to the unmatched hydrolysis rates be-
tween the aminosilane and TEOS, as well as the strong in-
terference of the amine groups on the co-assembly process. 
To circumvent this “interference” problem, Wang et al. [7] 
and Wei et al. [17] successfully synthesized amine-func-    
tionalized SBA-15 with ordered large pores by pre-hydrol-    
ysis of the TEOS before the addition of aminopropyltrieth-
oxysilane (APTES). 
Despite considerable progress having been made for the 
one-pot synthesis of amino-functionalized mesoporous silica, 
approaches based on post-synthetic functionalization remain 
popular because the separation of the silica synthesis and 
functionalization steps allows an independent and more 
straightforward control of the pore size and periodicity. 
Therefore, the post-synthesis method could be favorable for 
the formation of well-ordered structures. But the amino 
chains that have been first grafted onto the mesoporous  
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silica surface would form hydrogen bonding with the sur-
face silanols, thereby preventing the further grafting of 
amino groups on the silica surface [18,19]. Zeng et al. [12] 
synthesized amine-functionalized mesoporous materials by 
a solvothermal process. Daehler et al. [14] synthesized sur-
face amine-modified mesoporous silica via vapor-phase 
reactions. Much research has been focused on reducing 
amino-silanol and amino-amino interactions for the prepa-
ration of amino-functionalized SBA-15 with a high loading 
of amino groups [20,21]. 
It remains a challenge to synthesize amine-functionalized 
ordered mesoporous materials with large pores. In the pre-
sent study, we proposed a novel method to synthesize amino- 
functionalized SBA-15 (Figure 1). Herein, toluene diisocy-
anate (TDI) was employed as a “bridge” molecule whose 
one bridgehead group -NCO was used to link with an si-
lanol group on the SBA-15 surface and the other was left to 
link with an amino group of ethylenediamine (EDA). Such a 
method should have a high linking efficiency because TDI 
is a very active molecule whose two -NCO groups can easily 
bond with -OH or -NH2 groups [22]. Meanwhile, the step-
wise link can avoid the interactions between amino-silanol 
and amino-amino groups. Therefore, it would be useful to 
synthesize amino-functionalized SBA-15 with a high load-
ing of amino groups. Moreover, the adsorption performance 
of the obtained material was investigated for the removal of 
heavy metal ions, Pb2+, Cr3+, Cd2+, Ag+ and Cu2+, from 
waste water.  
1  Experimental 
1.1  Preparation of surface NH2-functionalized SBA-15 
mesoporous silica 
The preparation of amino-functionalized SBA-15 involved 
three steps. First, pure siliceous SBA-15 was prepared ac-
cording to the reported literature [23,24]. Then, 1.0 g of as- 
synthesized SBA-15 powder without templates was added 
into a mixed solution of 8.3 mL TDI and 16.7 mL of toluene. 
After stirring at 60°C for 5 h, the powder (denoted as 
T-SBA-15) was filtered and Soxhlet-extracted with CH2Cl2 
for 48 h. At last, 1.0 g of dried T-SBA-15 powders was 
added into a mixed solution of 20.0 mL of ethylenediamine 
(EDA) and 20.0 mL of ether. The mixture was then stirred 
at 20°C for 24 h, and the final powder (denoted as NH2- 
SBA-15) was filtered, Soxhlet-extracted and dried. 
1.2  Adsorption experiments 
In a typical adsorption experiment, 20 mL of a single metal 
solution in a flask was mixed with 150 mg of adsorbent at 
room temperature. After stirring while covered for 24 h, the 
suspension was collected from the flask and centrifuged. 
The metal ion concentrations, both in the initial and final 
solutions, were determined by inductively-coupled plasma- 
atomic emission spectrometry (ICP-AES) on a TJA Atom-    
Scan16 spectrometer.  
1.3  Characterization of materials 
The powder X-ray diffraction (XRD) patterns were recorded 
on a Bruker diffractometer using Cu K radiation. N2 ad-
sorption-desorption isotherms were obtained on a Mi-
cromeritics Tristar 3000 pore analyzer at 77 K. 29Si MAS 
NMR experiments were performed on a Varian Infini-
typlus-300 spectrometer using a 7.5 mm probe under magic- 
angle spinning: the resonance frequency was 79.5 MHz; the 
90° pulse width was measured to be 4.8 s; a repetition time 
of 100 s for single-pulse experiments was used. FT-IR 
spectra were recorded on a Nicolet 470 Spectrometer with  
4 cm1 resolution. Thermogravimetric analysis (TGA) stud-
ies were performed from 30 to 1000°C using a Perkin- 
Elmer TGA7 instrument, coupled with a mass spectrometer 
for evolved gas analysis, under a helium atmosphere. The 
heating rate was 20°C/min, and the helium flow was ap-
proximately 100 mL/min. 
 
Figure 1  Schematic illustration of the synthesis strategy of NH2-SBA-15. 
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2  Results and discussion 
XRD patterns of three samples are presented in Figure 2. 
An intense peak (100) and two well-resolved small peaks 
(110) and (200) could be observed for all the samples, being 
indicative of well-ordered hexagonal mesoporous structures 
[12]. This result indicates that the mesoporous structure was 
not destroyed during the surface amino-functionalization 
process. 
N2 adsorption-desorption isotherms and pore diameter 
distributions of the samples were also studied (see Figures 3 
and 4). Three samples possessed typical Type IV isotherms 
and H1 hysteresis loops, further confirming the characteris-
tics of the mesoporous materials [25]. In Figure 4, the pore 
diameters of three samples displayed the sequence: SBA-15 
(7.7 nm)>T-SBA-15 (6.6 nm)>NH2-SAB-15 (5.3 nm). The 
pore size distributions are calculated from the adsorption 
branch of the isotherm by the BJH method. This is an ex-
pected result, reflecting that the SBA-15 surface was indeed  
 
Figure 2  Powder X-ray diffraction patterns of SBA-15, T-SBA-15 and 
NH2-SBA-15. 
 
Figure 3  N2 adsorption and desorption isotherms of SBA-15, T-SBA-15 
and NH2-SBA-15. 
 
Figure 4  Pore size distribution of SBA-15, T-SBA-15 and NH2-SBA-15. 
stepwise organic-functionalized. For T-SBA-15, the surface 
Si–OH groups reacted with the -NCO groups of TDI, re-
sulting in a pore size being smaller than that of SBA-15. As 
another -NCO group on the T-SBA-15 reacted with one 
-NH2 group of EDA, the pore size of NH2-SBA-15 was 
smaller than that of T-SBA-15. At the same time, all three 
samples have a narrow pore size distribution, indicating that 
the mesoporous surfaces of T-SBA-15 and NH2-SBA-15 
have a uniformly functional surface coating. 
FT-IR spectra of SBA-15, T-SBA-15 and NH2-SBA-15 
were investigated (Figure 5). In the spectrum of the T- 
SBA-15 sample, an adsorption peak at 2280 cm1 attributa-
ble to the -NCO group of TDI could be observed [26]. This 
finding suggests that one end of the TDI molecules had 
been grafted onto the SBA-15 surface. For the NH2-SBA-15 
sample, the peak at 2280 cm1 disappeared, to be replaced 
by two new adsorptions at 3186 and 3385 cm1 being  
 
Figure 5  FT-IR spectra of SBA-15, T-SBA-15 and NH2-SBA-15. 
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attributable to the -NH2 groups of EDA [27]. These results 
indicated that EDA could be one-end grafted onto the 
SBA-15 surface using the TDI molecules as a “bridge”. The 
concentration of free amine groups on the surface of NH2- 
SBA-15 was determined by the acid titration method. The 
result showed that the concentration of free amine groups 
for NH2-SBA-15 was 0.00264 mol/g. 
29Si MAS NMR was used to determine the degree of TDI 
grafting on the SBA-15 surface. Figure 6 shows the 29Si 
MAS NMR spectra of two of the three samples studied. The 
corresponding relative peak areas in 29Si MAS NMR spectra 
are summarized in Table 1. Therein, Q4, Q3, Q3′ and Q2 respec-
tively represent the silicon atom environments of (SiO)4Si, 
(SiO)3SiOH, (SiO)3SiOTDI and (SiO)2Si(OH)2, in which 
(SiO)3SiOTDI (Q
3′) indicates the link between the TDI 
molecule and the Si–OH groups of (SiO)3SiOH (Q
3). It is 
well known that the transformation of Si–OH groups into 
Si–OC would result in the silicon atom undergoing a chem-
ical shift toward the low field [28].
 
Nevertheless, in the 29Si 
MAS NMR spectra of T-SBA-15, no new peaks appeared as 
compared with that of SBA-15. Moreover, the Q3 peak was 
no longer present. The reason for this result is expected to 
be that the transformation of (SiO)3SiOH (Q
3) into (SiO)3-    
SiOTDI (Q3′) was virtually complete, and the Q3′ peak ap-
peared at the position well approximate to that of Q4. 
Through data fitting in Table 1, it was found that both of 
SBA-15 and T-SBA-15 had almost equal (SiO)2Si(OH)2 
contents. This might be explained by the reported conclu-
sion that it is difficult to organically functionalize the 
Si–OH groups of (SiO)2Si(OH)2 [16] because of the strong 
hydrogen-bonding interaction between the geminate Si–OH 
groups of (SiO)2Si(OH)2. Also in Table 1, the percent con-
tents of surface Si–OH groups were found to be 57.4% for 
SBA-15 and only 13.2% for TDI-SBA-15, indicating that 
the high degree of TDI grafting on the SBA-15 surface was 
realized.  
Figure 7 shows the TG analysis curves for SBA-15, T- 
SBA-15 and NH2-SBA-15. For all of these samples, a slight 
weight loss was observed below 200°C, which is ascribed to 
residual water. In addition, SBA-15 shows a slight weight 
loss between 200 and 600°C owing to the condensation re-
action between the Si–OH groups. In contrast, both T-SBA- 
15 and NH2-SBA-15 exhibited considerable weight losses 
between 200 and 300°C, which is considered to be caused 
by decomposition of the organic component. And, the weight 
loss of NH2-SBA-15 was (19.9%), which is 1.32 times 
(15.1%) that of T-SBA-15, in good agreement with the mo-
lecular weight ratio 1.33 of (TDI+EDA) to TDI. Therefore, 
it could be concluded that each TDI molecule was grafted to 
the SBA-15 surface via one head group, and subsequently 
EDA was one-head grafted with the other head group of TDI.  
The NH2-functionalized SBA-15 exhibited a unique af-
finity toward heavy metal ions. Table 2 shows the metal ion 
concentrations of simulated wastewater before and after 
adsorption by SBA-15, T-SBA-15 and NH2-SBA-15. It can 
be seen that the SBA-15 adsorbent scarcely removed the 
heavy metal ions, Pb2+, Cr3+, Cd2+, Ag+ and Cu2+, from the 
wastewater. After adsorption by T-SBA-15, the metal ion 
concentration decreased slightly. In contrast, the NH2-SBA- 
15 adsorbent efficiently removed the heavy metal ions un-
der the same conditions. The T-SBA-15 is able to adsorb 
some heavy metal ions because of the acylamide bonds after 
the surface Si–OH groups of SBA-15 were reacted with one 
-NCO group of TDI. For the NH2-SBA-15 adsorbent, the 
significant concentration changes are indeed attributed to 
the complexation reactions that occur between the metal 
ions and the grafted NH2- groups.  
3  Conclusion 
In summary, well-ordered surface NH2-functionalized meso-
porous silica SBA-15 was readily synthesized using a novel 
and effective method. This method employed TDI as the 
bridge molecule for this NH2-functionalization, and included 
the following remarkable advantages: (1) preventing amino-  
 
Figure 6  29Si MAS NMR spectra of SBA-15 and T-SBA-15. 
Table 1  Relative peak areas (%) in 29Si MAS NMR Spectra of SBA-15 and T-SBA-15 
Samples 
 /relative peak area 
Q2 Q3 Q4 Q3′+Q4 (2Q2+Q3)a) 
SBA-15 92.7/6.8% 102.4/44.2% 110.0/49.0%  57.4% 
T-SBA-15 93.1/6.6%   109.1/93.4% 13.2% 
a) Represents the percent content of surface Si–OH groups.  
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Figure 7  TGA thermograms of SBA-15, T-SBA-15 and NH2-SBA-15. 
Table 2  Concentrations of heavy metal ions in water before and after 
adsorbed (unit: mg/L) 
Solution Pb2+ Cr3+ Cd2+ Ag+ Cu2+ 
Before adsorbed 9.79 9.12 10.13 9.81 9.57 
After adsorbed by  
SBA-15 
9.73 9.12 10.01 9.72 9.49 
After adsorbed by  
T-SBA-15 
7.59 8.03 8.32 8.16 8.01 
After adsorbed by  
NH2-SBA-15 
0.011 0.025 0.019 0.052 0.008 
Adsorption rate on  
NH2-SBA-15 
99.9% 99.7% 99.8% 99.5% 99.9% 
 
silanol and amino-amino interactions occurring; (2) preventing 
destruction of the mesoporous structure; (3) providing high 
functional efficiency. As expected, a high loading of amino 
groups on the SBA-15 surface was realized. The obtained 
material showed a high adsorption capacity for heavy metal 
ions due to the strong complexation reactions that occur 
between metal ions and the grafted -NH2 groups. 
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